
LLNL-CONF-641280

Producing High Energy ns Pump Beams
for Raman Amplification of Short Pulses
using SBS Beam Combination

R. K. Kirkwood, R. A. London, P. Michel, D. Turnbull, J.
Moody, L. Divol, K. Fournier, W. Dunlop

July 23, 2013

Producing High Energy ns Pump Beams for Raman
Amplification of Short Pulses by SBS Beam Combination
Livermore , CA, United States
July 18, 2013 through July 18, 2013



Disclaimer 
 

This document was prepared as an account of work sponsored by an agency of the United States 
government. Neither the United States government nor Lawrence Livermore National Security, LLC, 
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein 
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States government or Lawrence Livermore National Security, LLC. The views and opinions of 
authors expressed herein do not necessarily state or reflect those of the United States government or 
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product 
endorsement purposes. 
 



Producing High Energy ns Pump Beams for Raman 
Amplification of Short Pulses using SBS Beam Combination 

R. Kirkwood, R. London, P. Michel, D. Turnbull,  
J. Moody, L. Divol, K. Fournier, W. Dunlop 

LLNL 

 

Presentation at IZEST  

Livermore Ca. July 18, 2013 



Plasma Amplification can allow pulse compressors to 
access the energy in many beams at NIF or other lasers 
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  100	  pW	  on	  a	  NIF	  target	


Plasma	  for	  short	  pulse	

amplifica:on	


Plasma	  for	  beam	


combina:on	


Concept for producing high energy short pulse at NIF 

Depletion of a 1 ns pump beam by a ps seed will require 15 cm of plasma for interaction 
 

 -> to avoid absorption the plasma must be hot and low density (high kLD) 
 -> strong linear damping of Langmuir waves at high kLD requires high intensity 

 
An attractive concept is a single collimated high intensity pump/heater of ns duration that  
Is well collimated and intense through out the interaction region.  This will naturally  
Create a uniform density plasma in a gas that is heated to high temperature. 
 
Such a pump can be produced via ion wave amplification/combination in a second plasma   
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interest (hatched triangular area in figure 1) for 1 micron light and demonstrated high 

amplifications,  and good focal spot quality of the amplified beam could all be achieved with 1 

micron light under the conditions shown by the red dot in the left frame of figure 3 [16].    The 

comparison between the output power and energy predicted by the VPIC calculations and that 

observed in the experiments are shown in figure 4 and provide confidence that the simulations 

will be effective in describing the Raman amplifier we will develop for NIF/ARC.    

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Compression of a 1 ns pulse of 1 micron light to 1 ps can be achieved efficiently 

in a plasma with electron density several x 1018  to  a few x1019 cm-3 and a temperature of less 

than 300 eV, because the inverse bremstrahlung absorption in the needed 15 cm plasma is low,  

the linear landau damping rate of  the initial Langmuir waves and the k!Debye product are small, 

and the plasma density is high enough to sustain scattering wave amplitudes that can deplete the 

pump as illustrated graphically in the left frame.   In this work we will consider the compression 

of a 1 ns pulse of 351 nm light, for which we need to explore higher wave damping regimes  

with k!Debye products up to 0.8 as shown in the triangle in the right frame. 
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Low absorption,  and moderate density leads to strong 
 damping in the Raman amplifier requiring high pump intensity 

Author—NIC Review, December 2009 3 NIF-0000-00000s2.ppt  

Limiting absorption and avoiding wave breaking push the Raman amplifier to  
high kLD  plasmas where significant pump intensity is need to drive waves. 
 
The conditions identified for 1 micron beams were studied at Jupiter in ‘09 where 

 1) 77x amplification of a weak seed was demonstrated [1,2]. 
 2) Wave saturation effects were found to be describe by 2D VPIC [2,3]. 

Further development of the Raman amplifier section is TBD [4]. 
 
                        [1] Ping PoP (2009), [2] Kirkwood JPP (2010), [3] Yin PRL (2012) [4] Trines PRL 2012 



The physics needed to combine ns pump beams  
by SBS has been demonstrated by the ignition program"
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lar symmetry [15]. This new scheme uses three tunable
wavelengths between di�erent cones of laser beams on the
NIF in order to redirect the light in the target via two
successive steps. Figure 1 (a) shows a simulation of the
propagation of a NIF quad on the 30� cone (beam shown
on axis) and its five nearest neighbor quads as they pass
through the plasma in the laser entrance hole (LEH) of
a hohlraum (not represented). The wavelengths of the 6
beams are almost identical and no visible power trans-
fer occurs in the region where they overlap. In Fig. 1
(b), the wavelength of each group of quads was selected
to transfer power to the central quad (either directly or
by successive transfer through other quads). This re-
sults in a much brighter central beam propagating in the
hohlraum, and shows that laser power can be redirected
remotely as it crosses the LEH by changing the wave-
length of di�erent beams.

If multi-color cross-beam interaction provides a means
to redirect the laser light through a multi-step path in
the hohlraum plasma then the laser path can be selected
to avoid hohlraum plasma regions which are prone to
high backscatter. This is a new strategy for improving
laser-target coupling. At the same time the power can
be deposited at a location on the hohlraum wall selected
to control implosion symmetry. The resulting improve-
ments to both laser-target coupling and capsule compres-
sion symmetry are assessed from measurements of time-
dependent x-ray symmetry, backscatter, and hohlraum
black-body temperature. In this article we show that
three-color laser redirection in the hohlraum improves
laser-target coupling and provides a method for control-
ling capsule compression symmetry.

National Ignition Facility - NIF is a 192 beam
laser designed to achieve indirect drive inertial nuclear
fusion[16]. Frequency tripled laser light at 351 nm from
all the beams can provide more than 1 MJ of energy
to the target for these experiments with about 10% of
this coupled into the fuel capsule[17]. The lasers are ar-
ranged around the spherical target chamber in four sep-
arate cones with varying angles relative to the hohlraum
axis. The ignition target has a smooth deuterium-tritium
ice layer on the inside of a fuel capsule suspended in
the center of a gold cylinder or hohlraum. E⇤cient and
well-balanced symmetric laser illumination on the inner
wall fills the hohlraum with x-rays which ablate the fuel
capsule compressing it and causing it to reach densi-
ties and temperatures which initiate nuclear fusion and
burn[17, 18].

Laser-hohlraum coupling is measured using the
backscatter diagnostic[19]. Figure 2 shows the geometry
of a hohlraum target with the backscatter instrument.
Laser coupling is a measure of how much laser power
remains in the target where it is converted to heat, x-
rays, particle kinetic energy, etc. Laser-plasma instabil-
ities (LPI) determine the coupling e⇤ciency and sym-
metry of laser power which reaches the hohlraum wall

FIG. 1. Three-dimensional simulation showing the power
flow during the 3-color cross-beam interaction. (a) Six beams
crossing without cross-beam e�ects. (b) With cross-beam ef-
fects power from each surrounding beam flows into the central
beam (either directly or by successive transfer through other
beams).

and the subsequent symmetry of the x-ray capsule il-
lumination. An optical backscatter system is installed
on two inner (23.5� and 30� ) and one outer (50� ) beam
quads. Backscatter measurements utilize a full-aperture
backscatter system (FABS) and a Near Backscatter Im-
ager (NBI) shown in Fig. 2.
Separate measurements are made of light backscat-

tered from ion acoustic plasma waves (stimulated Bril-
louin scattering or SBS [350 � � � 353 nm]) and from
electron-plasma waves (stimulated Raman scattering or
SRS [450 � � � 750 nm]). Laser energy coupled to
the hohlraum typically ranges from 84% to 94% of the

Ion waves 
suppressed 

stimulated 
ion wave  
scatter included 

The beam propagation in the beam crossing region of the ignition target demonstrates 
beam amplification."
"
Note:"
One beams intensity"
is increased 6x"
and overall energy"
is increased 2x"
with energy from"
the other beams"
when the beams"
wavelength are"
tuned near "
resonance."
!

J. D. Moody et al., 
Nature Physics 
(2012) 

beams transfer 
energy in both overlap  

regions 
 



X-ray images of a  
converged capsule 
show the effect of the  
amplification of the beams 
at the waist, which squeeze 
it into a ‘pancake’ when 
their wavelength is tuned. 
 
The observed capsule  
Symmetry is seen to track 
The expected value when 
ion wave amplification is  
accounted for. 
 
 
This ‘wavelength tuning’ is 
now the primary means of 
controlling drive symmetry in the 
ignition targets and has been  
necessary for demonstrating 
good implosion symmetry.  

IV. EXPERIMENTAL RESULTS AND COMPARISON
WITH PREDICTIONS

Cryogenic Hohlraums were shot on NIF as part of the
Hohlraum energetics campaign in September 2009 !cf.
Ref. 21". These were filled with a gas mixture of H4He, and
had no LEH liner. The laser pulse length was 11 ns, with a
peak power of about 4 TW per quad delivering a total of 0.5
MJ of 3! light on target.

The implosion symmetry is measured using the gated
x-ray diagnostic !GXD",22,23 which takes a series of snap-
shots of the capsule x-ray self-emission at different times
around “bang time” !i.e., time of peak x-ray emission". The
snapshots are integrated over about 75 ps, and the images are
collected through a filtered x-ray pinhole array mounted in
front of the detector. The Hohlraums feature a small plastic
window on the waist that provides diagnostic access to take
the capsule images.

To quantify the implosion symmetry, we decompose the
x-ray flux isocontours from the GXD images onto Legendre
polynomials. The ratio P2 / P0 of the coefficients of Y2

0!"" and

Y0
0 for the 17% x-ray flux contour provides a measure of the

pole-waist asymmetry !P2#0 corresponds to an oblate or
“pancake” implosion, i.e., with too much compression on the
poles of the capsule, while P2$0 corresponds to a prolate or
“sausage” implosion, i.e., with too much compression on the
equator of the capsule". The 17% value was chosen based on
hydrodynamics simulations, in order to capture the shell
structure while staying above the noise.

Figure 4 shows the experimental results from the first
cryogenic shots on NIF. On the left side of the image are
three GXD images at bang time for three wavelength sepa-
rations of 1.5, 2.3, and 3.9 Å. The Hohlraum axis is vertical
on these images. The first shot was setup with a separation of
1.5 Å, for which we expected best symmetry according to
our calculations. However, stimulated Raman scattering
!SRS" was measured on the inner beams for this shot; the
measured reflectivity for the quadruplet on which the back-
scatter was measured !at 30° from axis" was 19% time inte-
grated !i.e., about 6% total reflectivity, since a third of the
total energy goes into the inner beams". Negligible backscat-
ter was measured on the outer beams !less than 1% total".
This means that the inner beams propagation was signifi-
cantly impaired !note that we cannot measure the SRS that
gets reabsorbed inside the Hohlraum, which adds to the im-
pairment". This corresponds to a lack of x-ray drive on the
waist of the capsule, which in turn leads to an oblate implo-
sion. The P2 / P0 ratio for this shot was %49%.

As we increased &' to 2.3 Å and then 3.9 Å on the next
shots, the asymmetry went from %49% to %36% and ulti-
mately %4%, reaching a nearly round implosion. The outer
beams wavelength was the only parameter that was changed;
we did not modify the beams energy or cone fraction during
these shots. An important observation made during these
shots was that the amount of backscatter on the inner beams
did not change as we increased &', while the outer beams
reflectivity remained negligible. Even though the effect of
crossed-beam transfer on SRS is not well understood yet and
still under investigation, this shows that the symmetry varia-

FIG. 3. !Color online" !a" Relative energy gain from crossed-beam transfer
averaged over the inner cones and the outer cones going through one LEH,
for the Hohlraum emulator with !dashed" and without !solid" a LEH liner
!there is about twice as much energy in the outer cone than in the inner". !b"
Intensity profiles for all the beams as they reach the Hohlraum walls, for a
wavelength separation of 0, 1.5, and 3 Å between the inner and outer
cones !with 'outer='inner−&'". This is for a Hohlraum without LEH liner
!&'=1.5 Å is the point of best symmetry".

FIG. 4. !Color online" Left: GXD images of the capsule for three wave-
length separations between the inner and outer beams: 1.5, 2.3, and 3.9 Å
!the Hohlraum axis is vertical on these images". Right: P2/P0 !pole-waist
asymmetry" for the corresponding three shots as measured in the experi-
ments !diamonds", and as calculated in preshot !upper line" and postshot
!lower line" simulations.

056305-4 Michel et al. Phys. Plasmas 17, 056305 !2010"

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://php.aip.org/php/copyright.jsp
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Ion wave amplification is already used to control 
the symmetry of the ignition target implosion"

P. Michel et al., 
Physics of Plasmas 
(2010) 

To bring the measured symmetry into 
agreement with models a saturation 
of the ion wave amplitude ~ dn/n = 4.4 e -4 
has been invoked, and new models developed. 
 
Saturation can have an effect on power transfer! 
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of the probe beam. Experimental evidence of the wave
number matching is obtained from the 2D image of the
transmitted probe beam on the scatter plate. To eliminate
the spatial structure in the transmitted beam that is due
to the inhomogeneity of the incident beam the 2D image
is averaged over the azimuthal angle to obtain a measure
of the beam intensity as a function of the angle from the
beam axis as shown in Fig. 3. The amplified beam has
an azimuthally averaged angular profile which is largest
inside the fy4.3 cone of the incident beam s66.6±d and
similar to the profile of the probe beam obtained when it
is transmitted through the plasma with the pump beam
off. The fact that the intensity of the amplified beam
falls rapidly outside of the fy4.3 cone (FWHM ≠ 12±)
indicates that the scattering is caused by ion waves with
wave numbers near the matched value Dk. The profile
of the unamplified beam intensity outside the cone is
similar to that for the amplified case, indicating that in
these experiments the observed spreading of the beam
is not caused by the two beam interaction but rather by
refraction and scattering from the unperturbed plasma.
Experiments to determine the average energy amplifi-

cation as a function of the frequency mismatch were per-
formed for six different wavelength separations between
0.0 and 0.73 nm with the normalized probe intensity
IprobeyIpump between 0.06 and 0.32. The amplifications
for these cases are shown in Fig. 4 and exhibit significant
gain only when there is a frequency separation between
the two beams. The largest amplification is 2.8 when the
wavelength separation is Dl ≠ 0.58 nm. The resonant
ion wave frequency is calculated as via ≠ csjDkj and the
half-width of the resonance as niy2, where ni is the inten-
sity damping rate of the ion wave [10,15,16]. The pre-
dicted position of the resonance is Dl ≠ 0.46 nm with a
width of60.04 nm for the plasma parameters found in the
vicinity of the focused beam. This indicates that the ob-
served maximum measured gain is near the ion wave reso-
nance, but may be Doppler shifted by weak plasma flows
produced by heater beam and target inhomogeneities that

FIG. 3. The angular distribution of the transmitted power of
the probe beam is shown for the experiment in Fig. 2. The
similar profiles in the two cases indicate that the amplified light
is collimated and coincident with incident laser beam.

are not included in the 2D simulations. The observa-
tion of a maximum amplification near the ion wave
frequency combined with the observation of reduced am-
plification at both larger and smaller frequencies (Dl ≠
0.3 and 0.73 nm) indicates that resonant excitation of an
ion acoustic wave is necessary for amplification.
To compare with theory, we adopt the model of a

steady state, convective instability which leads to the
amplification A of the probe by a gain G such that
G ≠ lnsAd. This interpretation is applied in this case
because the beam crossing angle is less then 90± (forward
scattering) so that the instability cannot be absolute, and
because the duration of the experiment (1 ns) is long
compared to the time to reach a steady state, which
in the strong damping limit is the ion wave damping
time s,1.0 psd. In this limit the gain exponent in a
homogeneous plasma scales as nLIpumpyTeni [10], where
L is the length of the interaction region. The effect of
the pump wave is to scatter its power in the direction
of the probe wave such that the transmitted probe wave
amplitude is proportional to the exponential of G. The
measured amplification is also affected by small scale
inhomogeneities both in the incident beam and in the
plasma, for which accurate characterization and analysis is
outside the scope of this Letter and is presented elsewhere
[10,17]. These inhomogeneities make a calculation of
the gain of the instability based on the simple model of
coherent laser beams in uniform plasmas an overestimate
of the actual gain. In fact, under the conditions of this
experiment, the ideal model indicates a gain of G ,
20 when the probe beam is perfectly tuned [10,15,16],
while the maximum observed gain is G ≠ 1.0. These
values can be substantially reconciled by considering
calculations including the two types of inhomogeneities
and recognizing that the set of discrete measurements in
Fig. 4 may miss the exact resonance and underestimate
the peak gain. First, because the shape of the resonance
is G ~ 1yf1 1 4sDvynid2g [10], a frequency detuning of

FIG. 4. A series of experiments measured the amplification
of the probe beam as a function of the wavelength separation
of the two beams as shown. The amplification is greatest when
the frequency separation is in the vicinity of the unshifted ion
wave resonance, Dl ≠ 0.45 6 0.04 nm.

2067

Nova: amplification of a single beam in a gas  
target plasma is controlled by its wavelength  
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FIG. 1. Experimental configuration showing an approximately
spherical plasma and two interaction beams crossing in a
homogeneous region off the plasma center. The two beams
are detuned by Dl ≠ 0.0 to 0.73 nm to excite the ion
acoustic resonance. The transmitted power vs time of the long
wavelength probe beam is measured.

FWHM (345 mm between first Airy minima) and the peak
pump intensity to 1 3 1016 W⇤cm2 (2 3 1015W⇤cm2

average inside the Airy minima) in vacuum. The beams
have their polarizations aligned within 25± of parallel.
The simulations indicate that the presence of the focused
probe beam increases the temperature only slightly ⇥�6%⌅
in the vicinity of best focus. The probe beam is adjusted
to have a wavelength slightly longer than that of the
pump with the wavelength separation ranging between 0.0
and 0.73 nm. The probe beam has a square pulse shape
lasting 2.0 ns which begins at the same time as the heaters
⇥t ≠ 0⌅. The pump beam has a 1.0 ns square pulse shape
that is delayed 0.4 ns so that the plasma in the interaction
region is relatively homogeneous during the interaction
period. The transmitted power of the probe beam is
collected by a fused silica plate 1.5 m from the target,
which is roughened to scatter the light over a broad angle
[14]. This scattered light is imaged onto a fast photodiode
and a gated optical imager. The photodiode is calibrated
to provide a histogram of the probe beam power which is
transmitted through the plasma and onto the scatter plate.
The imager captures a 2D image of the light on the scatter
plate during the 0.6 ns period when all beams are on and
provides a measure of the directionality of the transmitted
power during the period of the interaction.
The interaction of the beams creates an ion wave in

the plasma that scatters energy from the pump so that
it propagates parallel to the probe beam. The ion wave
forms in response to the interference of the two beams,
which generates a ponderomotive force that is periodic in
space and proportional to the product of the amplitude of
the two beams. The initial ion wave amplitude is then
proportional to the probe beam incident amplitude. As a
result, the energy scattered from the pump is also propor-
tional to the probe intensity, and an amplification of the
probe results. This amplification is defined to be the ratio
of the transmitted power measured in an experiment with
the pump beam to that measured in an essentially iden-

tical experiment without the pump beam. The transmit-
ted power wave forms with and without a pump beam are
shown in Fig. 2, for the case of Dl ≠ 0.43 nm, and a nor-
malized probe intensity of Iprobe⇤Ipump ≠ 0.06. The total
transmitted energy without a pump beam is ⇥49 6 7⌅% of
the indicent energy which is in agreement with a calcula-
tion of inverse bremsstrahlung absorption and refraction by
the plasma [14]. This transmission is reproducible within
615%. The shape of the wave form in the pump-off case
in Fig. 2 shows that the transmission first increases in time
when the plasma temperature is increasing and then de-
creases in time after the heaters turn off at 1.0 ns and the
plasma radiatively cools. Comparing the “pump-on” wave
form in Fig. 2 to the “pump-off” shows an increase in the
probe’s transmitted power during the time the pump beam
is on ⇥0.4 # t # 1.4 ns⌅. The pump-on wave form is cor-
rected to account for a small variation in the energy of the
probe beam between the two shots. The transmitted probe
power is nearly the same in the two experiments before
the arrival of the pump. After t ≠ 0.4 ns, the transmit-
ted probe power rises in about 150 ps to nearly 1.7 times
the level observed without the pump indicating amplifica-
tion of the probe by the pump. After the pump turns off
the probe power drops rapidly to equal the value observed
without the pump. The amplification is determined from
the ratio of the two traces and is found to vary between 1.6
and 1.8 during the 1 ns duration of the pump pulse. The
average amplification A is determined by averaging over
the 1 ns that the pump is on plus an additional 0.3 ns to
include signal delayed by the response of the detector, and
is found to be 1.7 in this case.
The amplification observed in Fig. 2 can be explained

by scattering from an ion wave produced by the beating
of the incident and pump beams. Resonant interaction
requires that this ion wave have a wave vector kia which
satisfies wave vector matching kia ≠ Dk ≠ k1 2 k2,
where k1 is the wave vector of the pump and k2 is the
wave vector of the probe. An ion wave with this wave
vector will cause energy to be scattered in the direction

FIG. 2. Measurement of the probe beam power transmitted
through the plasma for Dl ≠ 0.45 nm and Iprobe⇤Ipump ≠ 0.06.
In the pump-on case a 2 3 1015 W⇤cm2 pump beam intersects
the probe between 0.4 and 1.4 ns causing the probe to be
amplified by a factor of 1.7 above the pump-off case.
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of the probe beam. Experimental evidence of the wave
number matching is obtained from the 2D image of the
transmitted probe beam on the scatter plate. To eliminate
the spatial structure in the transmitted beam that is due
to the inhomogeneity of the incident beam the 2D image
is averaged over the azimuthal angle to obtain a measure
of the beam intensity as a function of the angle from the
beam axis as shown in Fig. 3. The amplified beam has
an azimuthally averaged angular profile which is largest
inside the fy4.3 cone of the incident beam s66.6±d and
similar to the profile of the probe beam obtained when it
is transmitted through the plasma with the pump beam
off. The fact that the intensity of the amplified beam
falls rapidly outside of the fy4.3 cone (FWHM ≠ 12±)
indicates that the scattering is caused by ion waves with
wave numbers near the matched value Dk. The profile
of the unamplified beam intensity outside the cone is
similar to that for the amplified case, indicating that in
these experiments the observed spreading of the beam
is not caused by the two beam interaction but rather by
refraction and scattering from the unperturbed plasma.
Experiments to determine the average energy amplifi-

cation as a function of the frequency mismatch were per-
formed for six different wavelength separations between
0.0 and 0.73 nm with the normalized probe intensity
IprobeyIpump between 0.06 and 0.32. The amplifications
for these cases are shown in Fig. 4 and exhibit significant
gain only when there is a frequency separation between
the two beams. The largest amplification is 2.8 when the
wavelength separation is Dl ≠ 0.58 nm. The resonant
ion wave frequency is calculated as via ≠ csjDkj and the
half-width of the resonance as niy2, where ni is the inten-
sity damping rate of the ion wave [10,15,16]. The pre-
dicted position of the resonance is Dl ≠ 0.46 nm with a
width of60.04 nm for the plasma parameters found in the
vicinity of the focused beam. This indicates that the ob-
served maximum measured gain is near the ion wave reso-
nance, but may be Doppler shifted by weak plasma flows
produced by heater beam and target inhomogeneities that

FIG. 3. The angular distribution of the transmitted power of
the probe beam is shown for the experiment in Fig. 2. The
similar profiles in the two cases indicate that the amplified light
is collimated and coincident with incident laser beam.

are not included in the 2D simulations. The observa-
tion of a maximum amplification near the ion wave
frequency combined with the observation of reduced am-
plification at both larger and smaller frequencies (Dl ≠
0.3 and 0.73 nm) indicates that resonant excitation of an
ion acoustic wave is necessary for amplification.
To compare with theory, we adopt the model of a

steady state, convective instability which leads to the
amplification A of the probe by a gain G such that
G ≠ lnsAd. This interpretation is applied in this case
because the beam crossing angle is less then 90± (forward
scattering) so that the instability cannot be absolute, and
because the duration of the experiment (1 ns) is long
compared to the time to reach a steady state, which
in the strong damping limit is the ion wave damping
time s,1.0 psd. In this limit the gain exponent in a
homogeneous plasma scales as nLIpumpyTeni [10], where
L is the length of the interaction region. The effect of
the pump wave is to scatter its power in the direction
of the probe wave such that the transmitted probe wave
amplitude is proportional to the exponential of G. The
measured amplification is also affected by small scale
inhomogeneities both in the incident beam and in the
plasma, for which accurate characterization and analysis is
outside the scope of this Letter and is presented elsewhere
[10,17]. These inhomogeneities make a calculation of
the gain of the instability based on the simple model of
coherent laser beams in uniform plasmas an overestimate
of the actual gain. In fact, under the conditions of this
experiment, the ideal model indicates a gain of G ,
20 when the probe beam is perfectly tuned [10,15,16],
while the maximum observed gain is G ≠ 1.0. These
values can be substantially reconciled by considering
calculations including the two types of inhomogeneities
and recognizing that the set of discrete measurements in
Fig. 4 may miss the exact resonance and underestimate
the peak gain. First, because the shape of the resonance
is G ~ 1yf1 1 4sDvynid2g [10], a frequency detuning of

FIG. 4. A series of experiments measured the amplification
of the probe beam as a function of the wavelength separation
of the two beams as shown. The amplification is greatest when
the frequency separation is in the vicinity of the unshifted ion
wave resonance, Dl ≠ 0.45 6 0.04 nm.
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A gas-filled bag created a uniform 2.6 mm 
diameter plasma with conditions allowing 
a 2.8 x amplification of a seed beam 
that transferred 1 kJ (40%) of the pump  
beams energy at Nova. 
 
The amplification was controlled by the seed 
Wavelength. 
 
The amplified beam had the same (or better) 
collimation than the incident beam. 
 

[R. K. Kirkwood 
PRL 1996] 
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Omega experiments in 2002-5 showed  
saturation that motivated present NIF models 

Omega experiments use same frequency pump and seed beams with Mach = +1 
flow in plasma to match resonance on one side of a CH or Al exploding foil. 
 
Observed amplification was as much as 4x when the probe beam intensity was weak. 
 
Amplification was observed to reduce with probe intensity, also indicating saturation. 

the pump. The pump beam provides the high intensity
necessary to drive stimulated Brillouin scattering (SBS)
in these plasma conditions, while the probe is a seed for
the pump’s SBS forward scatter to grow from. The prod-
uct of the pump and probe amplitudes provide the ‘‘beat’’
ponderomotive force that drives the ion waves responsible
for scattering energy from beam to beam. The time re-
solved transmitted spectrum of each of the two beams is
measured by collection of the light on the far side of the
target over the entire f-cone of the undeflected beam
(f=6:6) using the focusing optics of an opposed beam
line that is not activated.

Energy transfer between the two interaction beams can
occur when the ponderomotive force produced by the
beating of the two beams with identical frequencies has
a wave vector (k) that is resonant with a stationary ion
acoustic wave (! ! 0) in a plasma with a Mach > 1 flow.
The energy transfer is demonstrated in these experiments
by comparing the transmitted power and energy of the
beams for three different cases: the case where the Mach 1
flow is directed to produce a resonance for ion waves that
scatter energy from the pump to the probe (‘‘Mach "1’’),
the case with oppositely directed flows of the same mag-
nitude (‘‘Mach #1’’), and the case where the pump beam
is off (‘‘pump off ’’). The transmitted power waveform of
the probe beam for each of these three cases and for a
plasma density of 6.4% of critical, pump beam intensity
of 3:9$ 1014 W=cm2 and 7:1$ 1014 W=cm2 and a probe
intensity of 1:2$ 1014 W=cm2 is shown in Fig. 2. The
Mach "1 cases are seen to have the highest probe beam
transmission throughout the pulse due to the energy
transfer, while the pump off and Mach #1 cases are lower

with the Mach #1 case being only slightly less than the
pump off case. The transmitted spectrum is found at all
times to be quite narrow, unshifted, and close to the
incident wavelength (!! & 0:1 nm) as shown in the inset
in Fig. 2. The spectrally integrated transmitted power of
both probe and pump beams is found in all cases to rise
quickly between 1.5 and 2 ns, due to the decreasing
inverse bremsstrahlung absorption in the heating plasma.
To determine if any of the pump beam energy was re-
fracted or scattered into the probe beam transmission
detector an experiment was also done with the probe
beam off in which negligible energy appeared in the
probe transmission. The observation of a probe transmis-
sion in the Mach "1 cases that is above the pump off and
Mach #1 cases and the supporting experiments are the
first demonstration that energy and power transfer occur
between nearly copropagating beams of the same fre-
quency in a plasma with a Mach 1 flow. The observation
of a slightly reduced transmission of the Mach #1 case
relative to the pump off case is consistent with energy
transfer in the opposite direction (probe to pump) with a
Mach #1 flow. The amplification of the probe beam is
determined by integrating the transmission waveforms
shown in Fig. 2 over the time period of the experiment
and taking the ratio of the Mach "1 case to the pump off
case or alternately to the Mach #1 case. The amplifica-
tion of the probe relative to the pump off case is deter-
mined from a series of experiments with both 6.4%
critical density plasma and 3% critical density plasma,
in which the pump beam intensity is as shown in Fig. 3.
The amplification rises slowly with pump intensity for
both plasma densities. The error bars in Fig. 3 are deter-
mined from the observed shot to shot fluctuation
in transmitted power under similar conditions. The

foil

flow

Mach + 1 layers

Interaction
Beams: Pump Probe

Beam
Transmission

Diagnostics

FIG. 1. Experiments to detect energy exchange between two
crossing laser beams produced by interaction in a plasma with a
Mach 1 flow use the geometry shown. The energy is transferred
by scattering by the ion wave driven in the beam crossing
volume with the direction of the transfer determined by the
flow. Experiments with reversed flow (on the opposite side)
or with a single beam are compared with the type shown
to determine beam amplification in the presence of plasma
absorption.

FIG. 2. The measured transmitted power of the probe beam is
shown for four different cases: (a) a Mach 1 flow is present and
directed to transfer energy to the probe beam (Mach "1) and
the pump beam intensity is 7:1$ 1014 W=cm2, (b) same as (a)
but with a pump intensity of 3:9$ 1014 W=cm2, (c) same as (a)
but with the pump beam off, (d) same as (b) but with the flow
direction reversed (Mach #1). Enhancement of the transmis-
sion with increasing pump intensity in the Mach "1 case
demonstrates the energy transfer effect. The transmitted spec-
trum is narrow as shown in the inset.
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II. EXPERIMENTAL DESIGN

The experiments were carried out on the Omega laser
facility16 using planar foils that were 750 !m wide by
1000 !m long and were made either of pure Al or CH that
was 4 or 10 !m thick, respectively, to provide similar elec-
tron densities. The foils are preheated from both sides by a
total of 2 TW of 351 nm light in a 2-ns-long pulse. The
heater beams are incident within a ±30° cone around the
normal to the foil and come to focus 3.2 mm before inter-
secting the foil, producing a spot on the foil that is
485–560 !m in diameter, depending on the incident angle.
LASNEX simulations17 indicate that the exploding plasma will
form Mach 1 flows along two contours on either side of the
foil, which at the end of the 2 ns heater pulse are roughly
parallel to the foil surface and are 350 !m away from the
initial foil position. As shown in Fig. 1, the simulated plasma
conditions 350 !m above the center of the Al !CH" foil at
this time are an electron density that is 6% !6.5%" of critical
and an electron temperature of 1.9 keV !1.5 keV". These
conditions also indicate that the ion-acoustic-wave damping
rate is 1% !10%" of the real part of the wave frequency. The
velocity scale length is #350 !m !in both cases". These re-
sults show that adjusting the foil material and thickness in
this way produces plasma conditions that differ primarily by
a tenfold change in the ion-wave linear Landau damping
rate.

Two interaction beams were smoothened with distrib-
uted phase plates !DPPs" that produced a super-Gaussian in-
tensity profile with a full width at half maximum !FWHM"

of 240 !m and pointed to cross at the point 350 !m above
the center of the foil target where the Mach 1 flow layer is
present at #2 ns. These beams were timed to begin 1.5 ns
later than the heaters and have 1 ns duration so they interact
over the 1.5–2.5 ns period when the Mach 1 layer is present.
The interaction beams are collected by a full-aperture lens
and directed into a detection station containing calorimeters
and streaked spectrometers which measure the transmitted
energy, power, and spectral power density of the beam
summed over the f /6.6 cone.

III. MEASUREMENTS OF BEAM AMPLIFICATION
IN Al AND CH PLASMAS

The transmission of the probe beam is measured in two
separate experiments to determine its amplification. The first
experiment has the plasma flow directed so as to tune the
frequency of the wave which can produce energy transfer to
the probe, to resonance, which allows it to grow and amplify
the probe beam by scattering the pump. This is referred to as
the “Mach+1” case. The second experiment has the plasma
flow directed oppositely, by repointing the probe beams on
the opposite side of the symmetric foil, which then will
maintain the same plasma conditions as the first experiment
but modify the ion-wave resonance conditions. This is re-
ferred to as the ‘‘Mach−1’’ case. The time-resolved transmit-
ted spectrum of the probe was measured and found to be
peaked at the wavelength of the incident laser and "0.1 nm
wide in all cases studied here and is spectrally integrated to
produce transmitted power wave forms. The transmitted
probe power from experiments with a pump-beam intensity
of 7.3#1014 W/cm2 normalized to the incident probe power
measurements shows the time dependence of the fraction of
power transmission !Fig. 2" for three different values of
probe-beam intensity and the two different flow directions.
The measured transmission is seen to start at similar values

FIG. 1. Plasmas created by a preheated exploding foil targets create
“Mach+1” resonance conditions for ion waves interacting with two unequal
intensity crossing interaction beams and a sonic flow in both Al and CH
plasmas. The plasma conditions in the two materials are otherwise similar as
shown in this plot of plasma conditions predicted by the LASNEX code at the
center of the beam crossing volume. The direction of the flow is always
away from the foil and the resonance is suppressed when the interaction
beams are pointed on the opposite side of the foil where the direction of the
flow is reversed !“Mach−1”".

FIG. 2. Transmitted power wave forms from experiments with Al plasmas
are normalized to the incident power and show large enhancements in the
Mach+1 case relative to the Mach−1 case, between 2.2 and 2.4 ns, when
the ion acoustic resonance is entering the crossing volume indicating reso-
nant power transfer between the beams. The late-time enhancements are
greatest at lowest intensity, consistent with nonlinear saturation.

112701-2 Kirkwood et al. Phys. Plasmas 12, 112701 !2005"
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Mach = +1 
 
Mach = - 1 
 

[R. Kirkwood et al. PRL 2002 and PoP 2005] 



and the pump intensity was above half of its peak value over
this entire region. A small  0.5 in. diameter concave mirror
was inserted in the exiting Janus beam to direct and focus the
seed pulse to counterpropagate with the pump. The corre-
sponding center portion of the pump was also blocked up-
stream to allow a small pickoff mirror to be inserted to direct
the amplified seed to detectors, while minimizing damage to
both small mirrors. The blocked area is  50% of the total
beam area. The energy loss due to the center blocking was
not an issue for this experiment, and the hollow beam profile
did not significantly affect the focus of the pump since a
phase plate was applied. A similar 0.5 in. mirror was set up
on the opposite side to collect the pulse after the interaction.
The output beam was sent to an IR one-dimensional  1D 
photoarray, which was covered by a bandpass filter at
1200 nm with a bandwidth of 70 nm. The surface of the
output 0.5 in. mirror was imaged onto the photoarray to mea-
sure the angular spray of the transmitted seed pulse. The gas
jet backing pressure was set to 1200 psi. The He plasma was
fully ionized even with half of the lowest pump energy.
Therefore in our experiment the plasma density was not af-
fected by pump intensity but mainly depended on the gas
pressure. According to the measurements in Ref. 17, the
plasma density should be near 1019 cm−3. The seed pulse
was synchronized to the middle of the 1 ns pump at the gas
jet using a fast photodiode with a time response of 30 ps.

Figure 3 shows the measured angular profiles of the out-
put beam at three pump intensities, as well as the seed beam
itself without plasma nor the pump  “seed only” . The profile
is normalized to the peak of the seed only case. It is clear that
the beam quality deteriorates as the pump intensity increases
as evidenced by the transmitted seed spraying out to angles
well outside its incident angular profile, which is contained
within a cone of angle !1.2°. At Ipump=0.8"1014 W /cm2,
the transmitted seed pulse has a similar profile to that of
the incident one albeit with  2" attenuation. At 1.6
"1014 W /cm2 the transmitted profile has broad wings ex-
tending at least to the edge of the measurement cone  !3.5° 
with only a small narrow feature in the center representing a
small fraction of the light that is not significantly scattered.
Finally when the Ipump increases to 2.4"1014 W /cm2, the
profile is completely flattened and the transmission drops
down to less than 10%, indicating a large beam spray well
beyond the measurement cone. These features are consistent
with the pump beam filamentation causing angular deflection
of the seed. Scattering of one spatial frequency component of

the pump by a plasma wave produced by a different spatial
component can also cause the amplified beam to have larger
angular divergence than the incident seed; however, the scat-
tering is not coherent with any of the incident seed spatial
frequencies. Therefore, when the amplification is small there
is not much energy in this scattering. The measurement with
a seed at a different frequency was carried out in an earlier
experiment17 using an 1124 nm line in a plasma that was
resonant at 1200 nm. It was found that the transmission of
the seed into the detector was greatly reduced consistent
with the beam spray occurring even to beams that are not
Raman amplified. Therefore we think that scattering by dif-
ferent angular harmonics of the pump could also occur but
the observations we report seem more consistent with pump
filamentation.

Onset of filamentation seeded by highest intensity speck-
les in the incident beam is expected as the pump intensity
increases over the range shown in Fig. 3. To show this we
estimated the threshold of filamentation using the method in
Ref. 24. The intensity distribution of a laser spot with a flat-
top-envelope phase plate is given by  1+ I / Ī exp −I / Ī ,
where Ī is the average intensity. There is 4% of power con-
tained in speckles which have an intensity of "5Ī. These
speckles, with a typical size given by the diffraction limit of
the entire optic, clearly play a critical role in seeding the
filamentation instability. The threshold of ponderomotive
filamentation is given by  v0 /vth 2 ne /nc  L /# 2$1,24 where
v0 is the oscillatory velocity of an electron in the laser field,
vth is the electron thermal velocity, ne is the plasma density,
nc is the critical density, L is the speckle size, and # is
the laser wavelength. Given our experimental conditions,
#=1.053 %m, ne  1"1019 cm−3, L  10 %m, and electron
temperature Te  200 eV,17 the threshold of the speckle in-
tensity is estimated to be 7.5"1014 W /cm2. The average
intensity is 5" lower, i.e., 1.5"1014 W /cm2, which assum-
ing an exponential distribution of speckle intensities, indi-
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FIG. 2.  Color online Experimental setup of counterpropagation geometry.
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FIG. 3.  Color online Angular profiles of the seed itself and output pulses
at three pump intensities in exact counterpropagation geometry.
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Jupiter Experiments have also shown good focal quality 
is maintained in the absence of pump filamentation 

and the pump intensity was above half of its peak value over
this entire region. A small  0.5 in. diameter concave mirror
was inserted in the exiting Janus beam to direct and focus the
seed pulse to counterpropagate with the pump. The corre-
sponding center portion of the pump was also blocked up-
stream to allow a small pickoff mirror to be inserted to direct
the amplified seed to detectors, while minimizing damage to
both small mirrors. The blocked area is  50% of the total
beam area. The energy loss due to the center blocking was
not an issue for this experiment, and the hollow beam profile
did not significantly affect the focus of the pump since a
phase plate was applied. A similar 0.5 in. mirror was set up
on the opposite side to collect the pulse after the interaction.
The output beam was sent to an IR one-dimensional  1D 
photoarray, which was covered by a bandpass filter at
1200 nm with a bandwidth of 70 nm. The surface of the
output 0.5 in. mirror was imaged onto the photoarray to mea-
sure the angular spray of the transmitted seed pulse. The gas
jet backing pressure was set to 1200 psi. The He plasma was
fully ionized even with half of the lowest pump energy.
Therefore in our experiment the plasma density was not af-
fected by pump intensity but mainly depended on the gas
pressure. According to the measurements in Ref. 17, the
plasma density should be near 1019 cm−3. The seed pulse
was synchronized to the middle of the 1 ns pump at the gas
jet using a fast photodiode with a time response of 30 ps.

Figure 3 shows the measured angular profiles of the out-
put beam at three pump intensities, as well as the seed beam
itself without plasma nor the pump  “seed only” . The profile
is normalized to the peak of the seed only case. It is clear that
the beam quality deteriorates as the pump intensity increases
as evidenced by the transmitted seed spraying out to angles
well outside its incident angular profile, which is contained
within a cone of angle !1.2°. At Ipump=0.8"1014 W /cm2,
the transmitted seed pulse has a similar profile to that of
the incident one albeit with  2" attenuation. At 1.6
"1014 W /cm2 the transmitted profile has broad wings ex-
tending at least to the edge of the measurement cone  !3.5° 
with only a small narrow feature in the center representing a
small fraction of the light that is not significantly scattered.
Finally when the Ipump increases to 2.4"1014 W /cm2, the
profile is completely flattened and the transmission drops
down to less than 10%, indicating a large beam spray well
beyond the measurement cone. These features are consistent
with the pump beam filamentation causing angular deflection
of the seed. Scattering of one spatial frequency component of

the pump by a plasma wave produced by a different spatial
component can also cause the amplified beam to have larger
angular divergence than the incident seed; however, the scat-
tering is not coherent with any of the incident seed spatial
frequencies. Therefore, when the amplification is small there
is not much energy in this scattering. The measurement with
a seed at a different frequency was carried out in an earlier
experiment17 using an 1124 nm line in a plasma that was
resonant at 1200 nm. It was found that the transmission of
the seed into the detector was greatly reduced consistent
with the beam spray occurring even to beams that are not
Raman amplified. Therefore we think that scattering by dif-
ferent angular harmonics of the pump could also occur but
the observations we report seem more consistent with pump
filamentation.

Onset of filamentation seeded by highest intensity speck-
les in the incident beam is expected as the pump intensity
increases over the range shown in Fig. 3. To show this we
estimated the threshold of filamentation using the method in
Ref. 24. The intensity distribution of a laser spot with a flat-
top-envelope phase plate is given by  1+ I / Ī exp −I / Ī ,
where Ī is the average intensity. There is 4% of power con-
tained in speckles which have an intensity of "5Ī. These
speckles, with a typical size given by the diffraction limit of
the entire optic, clearly play a critical role in seeding the
filamentation instability. The threshold of ponderomotive
filamentation is given by  v0 /vth 2 ne /nc  L /# 2$1,24 where
v0 is the oscillatory velocity of an electron in the laser field,
vth is the electron thermal velocity, ne is the plasma density,
nc is the critical density, L is the speckle size, and # is
the laser wavelength. Given our experimental conditions,
#=1.053 %m, ne  1"1019 cm−3, L  10 %m, and electron
temperature Te  200 eV,17 the threshold of the speckle in-
tensity is estimated to be 7.5"1014 W /cm2. The average
intensity is 5" lower, i.e., 1.5"1014 W /cm2, which assum-
ing an exponential distribution of speckle intensities, indi-
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Experiments at Jupiter have also shown that when the average intensity of a phase 
plate smoothed pump beam is below 4% of the filamentation threshold intensity, the 
angular structure of the incident beam, and its focal quality is best preserved. 
  
-> We will keep pumps below this limit in the beam combiner to maximize focal quality. 

Plasma density = 1% critical 
Plasma length = 1 mm 
Laser wavelength = 1 µm 

[Y. Ping et al. PoP 2009] 



A NIF target is designed to maximize energy transfer to a 
single beam with the properties needed for a pump 

 
•  To maximize single beam energy we: 

–  have designed a target to initially produce plasma conditions 
similar to the beam crossing region of the ignition target but with 
longer interaction length (to reduce the effect of saturation) and 
minimal absorption or defocusing of the beam. 

–  Have maximized energy transferred to a single high quality beam 
by separately shifting its frequency from that of the other crossing 
pump beams. 

–  Will verify the energy and focal quality of the amplified beam by 
bringing it to focus on a witness foil during and initial test. 

 
•  A target that efficiently combines six NIF quads into a single 3-4 x 

amplified beam will enable designs of a 2nd stage Raman amplifier. 
•  Benchmarking models of power transfer and its saturation will provide 

confidence in future designs with still larger energies and larger 
numbers of combined beams. 
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The current 3-color tuning set-up at NIF can bring 5  
pumps to resonance to amplify one beam in a uniform plasma 
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Beam Cones: 50° 44.5° 30° 23.5° 

θcrossing: 20.7° 

θcrossing: 19.7° 

5 Pumps quads in a small angle 
Cone will have their frequency 
shifted to ion wave resonance: 
 
ωpump - ωprimary 
Δω = Cs |kpump - kprimary| 
      = Cs (2 ko sin(θc/2) 
 
For  a < 2.5 keV, n/ncritical = 2.5% 
critical plasma, the wavelength 
Shifts relative to the primary 
Beam for the 6 pumps are: 
 
Δωouter < 0.21 nm (0.63 nm @ 1ω) 
Δωinner < 0.22 nm (0.66 nm @ 1ω) 
 
NIF has this tuning capability 
 
10 additional quads at large angle will pre-heat the gas filled target 
 
With a uniform plasma 6 quads can be combined into a single beam! 
 
 
  

Primary 
beam 

Inner pump 
beams 

Outer pump 
beams 

NIF beams 
are arranged 
in cones 



Hydra simulations with optimized pointing show 
the needed plasma conditions are formed by 1.0 ns 
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Electron density is 2.5 % crit 
And uniform 

Electron temperature 
is 1.6 to 1.8 keV entire 
 Interaction region 

Hydra shows additional 
absorption in wings of profile 

density 

temperature 

Pump 
cone 

Heater 
Cone 1 Heater 

Cone 2 

Note: heaters make Te 
Uniform AND pre-heat skin 



Hydra simulations with optimized pointing show 
the conditions are maintained to 2.0 ns 
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Electron temperature 
is 1.7 to 1.9 keV in entire 
 Interaction region 
 

density 

Hydra shows additional 
absorption in wings of profile 
  Electron density is 2.5 % crit 

And uniform 

Pump 
cone 

Heater 
Cone 1 Heater 

Cone 2 

Note: heaters make Te 
Uniform AND pre-heat skin 

temperature 



Pump beam absorption is less than 24% at 2.0 ns 
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Electron density is 2.5 % crit 
And uniform 

Electron temperature 
is 1.7 to 1.9 keV in entire 
 Interaction region 
 

Hydra shows additional 
~<14% absorption in wings of profile 
  -> 40 kJ transmission possible 

temperature 

7% 

5% 

5% 
< 7 % 

Total pump beam  
Absorption due to  
I.B. is <~ 24% 



Flows are also minimal up to 2.0 ns allowing  
pumps to be resonant over the whole volume 
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Electron density is 2.5 % crit 
And uniform 

Ion wave aligned flow 
Velocities are < 3 
cm/microsecond 
(< 0.08 M) throughout 
Interaction volume 
 

Radial 
flow 

Axial 
flow 
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FIG. 6. The damping decrement [-Im(w)lRe(w)) of the fast and slow 
acoustic waves is shown versus the ratio T;lT, ' for the conditions of Fig. 3. 

ity of roots. A careful analysis showed that for this case, 
there are two comparably damped roots with phase speeds 
that differ by about a factor of 2. 

By repeatedly solving Eq. (20), one can determine the 
dependence of the frequency and damping of the acoustic 
modes on the temperature ratio T/T •. Figure 5 shows the 
resulting phase speeds and thermal speeds for CIHI and 
kAo=O.1. The phase speed of the fast wave is less than twice 
the hydrogen thermal speed for the laser-plasma regime 
where T;lTe>0.2. The phase speed of this wave increases 
significantly as T/Te increases, which shows that the ion 
pressure contributes significantly to the restoring force for 
this wave. Thus, for diagnostic purposes the phase speed of 
this wave can give only a characteristic "temperature" that is 
some mixture of Ti and T e' The phase speed of the slow 
wave is comparable to the hydrogen thermal speed, dropping 
below it as T/T, increases. In contrast to the behavior of the 
fast wave, the phase speed of the slow wave increases only 
slightly with T;fT, in the laser plasma regime. This wave, if 
it could be isolated, would thus provide an effective diagnos-
tic of Te. 

Neither wave has a phase speed much greater than the 
hydrogen thermal speed, in the laser-plasma regime, so it is 
not surprising that neither wave has small damping, as is 
shown in Fig. 6. The two curves in Fig. 6 cross when 

so that the slow mode becomes the least-damped 
mode, which has important implications for experiments. 
The slow mode remains the least-damped throughout the 
laser-plasma regime, having a damping decrement of 0.1-
0.2. A reexamination of Fig. 5 makes clear the reason for the 
change in the relative damping of the two acoustic waves. 
Although the ratio of the phase speed of the fast wave to the 
hydrogen thermal speed is nearly 3 at low T;lTe' it drops to 
about 1.4 as T/Te increases, which is near the value that 
gives maximum Landau damping of the fast wave by hydro-
gen. In contrast, because the phase speed of the slow wave 
remains near the hydrogen thermal speed (and increases rela-
tive to the carbon thermal speed), it has significant but 
smaller damping when T/Te is a few tenths. 

Because the ion-wave damping is so small that thresh-
olds are low in laser plasmas, the issue of damping is only 
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occasionally mentioned in the existing publications on CH 
plasmas. 18•J9 The damping of acoustic waves in CH plasmas 
has been estimated by applying the standard Landau damp-
ing formula to an average-ion CH plasma: explicitly in one 
case l8 and surely in others too. This underestimates the 
damping by up to an order of magnitude. The normalized 
damping from an average-ion calculation is 0.03 for 
T;lTe=O.2, is 0.06 for T;lTe=O.5, and exceeds 0.09 only for 
T;lTe>0.7. Correspondingly, in CH laser plasmas the thresh-
olds for instabilities involving ion waves will often be sev-
eral times larger than might have been expected or than 
would be found, for example, in Be plasmas. Note, however, 
that it is the slower low-frequency mode whose damping is 
weakest and which will dominate the behavior near thresh-
old. 

It is useful to have a numerical fit to the kinetic damping 
for analysis of experiments. For temperature ratios T;lT" 
from 0.2 to 1.0, the normalized damping rate of the slow 
mode shown in Fig. 6, r s' is reproduced to within 10% by 
the formula 

(2 I) 
We now compare the phase speeds obtained from the 

kinetic treatment to those obtained from the fluid theory. We 
evaluate Eq. (16), taking lH=0.5, lc=0.5, AH= 1, Ac= 12, 
ZH=l, and Zc=6, and kAD=O.1. Taking both adiabatic ex-
ponents taken to be three, one finds 

w
2 

Te [( Ti) k!= Mp .0.57 +3.25 r; 
2 Ti T j ( )2} ± (0.57) -1.56 Te +7.56 Te . (22) 

Some experimental papers have clearly used a very-simple, 
"average-ion" treatment of ion waves in CH plasmas.20•21 

(Many more experimental papers reporting studies of CH use 
the "sound speed" without definition and without any evi-
dence of awareness of the issues discussed here. 18,22-27) The 
acoustic wave frequency, obtained using two-fluid theory 
with an average atom of charge 2=3.5 and of mass=6.5M, 
is then 

(23) 

however, this is not a valid calculation. For the fast mode, 
Eq. (12) applies and one finds 

(w)2 Te{4 15T;} Te4 
k =Mp.7Q+T6Te=Mp7Q· (24) 

The results of Eqs. (23) and (24) do not differ greatly for 
small T;fT" , but neither applies for larger T;lTe' 

In Fig. 7 the results of Eqs. (23) and (24) are compared 
to those of the kinetic calculation shown first in Fig. 5. The 
simple estimate of Eq. (24) (- -) provides a useful order-
of-magnitude result. The fluid modes of Eq. (22)(-----) cor-
rectly illustrate the qualitative dependence of the mode fre-
quencies upon T/Te' but give frequencies that err by up to 
20% for T;lTe>O.2. Again, this is useful for a rough estimate 
but would imply an error of up to 40% in any attempt to use 

Williams et al. 
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Adding a fraction of H to He will produce 
ion wave damping rates of 0.1 to 0.2 in a cryo target 

(50% H in C) 

Combiner target conditions: 
Im(wiaw)/Re(wiaw) ~ 0.15 to 0.3 

wiaw=1 to 1.1 

wiaw=0.9 to 1 

Beam  
crossing 
volume 

Hydra contours for I.A.W. frequency  
= [0.9, 1, 1.1] x (w1-w2) 
 

Ignition studies indicate with 33% partial pressure of H2 in He gas the ion wave 
 damping rate should be >10% of the ion wave frequency, so that the entire beam 
 crossing volume can be within the resonance width. 
Target can also be tested at room temperature with C5H12 gas (with greater absorption). 

[E. A. Williams et. al. 1995] 
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Project Name: Beam Combination Demonstration 
Diagnostic Configuration 

90-147 
TASPOS 

DIM(90-315) GXD 
90-239  

TARPOS 

161-326 SXI 

90-110 FFLEX 

143-274 DANTE1 

24B 

33B 

34B 

31B 

44B 

35B 
31B 

FABS & NBI 
Q31B  

Experimental set-up: One for each unique illumination AND 
diag config, e.g. if you change either, requires a different setup 
Priority: (1: must have,2:like to have , 3: ride-along)   Type: 
(1:New diag, 2:major mod, 3: minor mod or existing) 

Experiment Layout - Target 
Chamber (Top View) 

Diagnostics required: 

64-350 DANTE2 

Diagnostic" Location" Pri." Type" Calib"

GXD" DIM 90-315" 1" 3" Pre-shot"

DANTE-1" 143, 274" 1" 3" Pre-shot"

GXD" DIM 0,0" 1" 3" Pre-shot"

FFLEX" 90, 110" 2" 3" Pre-shot"

FABS/NBI" Q31B" 1" 3" Pre-shot"

SXI [L,U] (1,2)" 161,326"
18, 124"

2" 3" Pre-shot"

DANTE-2" 64, 350" 2" 3" Pre-shot"

32B 

18-124 SXI 

DIM(0-0) GXD 

Target viewed from (92,306) 
 

SXI-1 
(161,326) 

 

DANTE-1  
(143,274) 

FABS/NBI 
Q31B 

DANTE-2 
(64,350) 

FFLEX  
(90,110) 

 

GXD 
(90,315) 

 

SXI-2 
(18,124) 

 

GXD 
(0,0) 

 



A GXD at the top of the chamber will image 
focal spot brightness and quality vs. time 
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Thin disk allows GXD 
imaging of amplified 
beam spot from  
back side. 

Thick disk blocks 
pump beams for  
Dante and GXD 



The NIF SXI and a GXD in a standard location (90/315) 
will image pump beam brightness and time history 
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SXI gets clear view 
of 4 pump spots from  
bottom 

GXD sees all pump 
Spots (albeit at a steep 
angle) and will measure 
pump depletion vs. time 
AND beam. 

Shots with a different 
wavelength on the 30° 
(seed) beam will 
optimize power transfer 
resonance. 
 
Imaging pump beam 
transmission will 
demonstrate depletion 
and allow beam to 
beam variation to be 
studied 



Conclusions 

•  A 5 quad SBS combiner has been designed to produce ~ 40 kJ 
of energy in a single NIF beam and can provide a high energy, 
collimated ns duration beam attractive for driving a ~< ps pulse 
Raman amplifier in a second stage. 

•  The physics and conditions of the beam combiner are very 
similar to the ignition target which produces up to 2x beam 
amplification regularly and reproducibly. 

•  Successful demonstration of a single beam combiner at NIF 
will increase the confidence in the design of multi – 100 kJ 
plasma amplifiers/compressors for large laser facilities.  

 
•  . 
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